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Introduction
Neonates are highly vulnerable compared to older children and adults: preterm and term neonates are characterized by different degrees of physiological immaturity, they develop specific diseases, need adapted drug formulations and dosages, have different responses to drugs and specific risks of adverse events [1] [2] [3] . Accordingly, specific drug evaluation is required in neonates and protocols should include short and long term safety studies.
Despite specific initiatives and identified needs [4] [5] [6] , more than 90% of neonatal drugs are still used unlicensed or off-labeled, with variable dosage administrations and schedules [7] [8] [9] [10] .
According to the Food and Drug Administration (FDA) and European Medicine Agency (EMA) pediatric decision tree, drug evaluation in pediatrics, including in neonates, has to be optimized by analyzing all available preclinical and clinical data in adults and children, by adapting drug evaluation to diseases specificity related to prematurity, to developmental differences in drug disposition and effects between neonatal age groups, and by considering all ethical issues [11] [12] [13] . In addition, the opportunity to use an adaptive trial design that is potentially able to reduce the number of patients to be included in drug trials should be considered, although not frequently used in neonatology until now. [14, 15] Randomized controlled trials (RCT) remain the gold standard for drug evaluation [16, 17] but they are challenging and even more is the use of a placebo, required in the absence of a reference validated drug to be used as comparator.
During our previous report on neonatal drug trials registered in the ClinicalTrials.gov database, the number of clinical trials using a placebo appeared surprisingly high [18] .Therefore, we further analyzed the studies during which a placebo was administered in order to report on the medical context and ethical aspects of placebo use in neonates.
Methods

Search strategy
We analyzed the complete ClinicalTrials.gov registry between its launch in 1999 and December 31 st , 2015. A total of 206 629 records of clinical trials from more than 100 countries were registered. We searched for all records that involved neonates: the registry categorizes age at which participants are eligible for enrollment as child ( 17 years) , adult (18 to 65 years) and senior (! 66 years). To select the records of interest, we used "neonates and drugs" as search words in the free text section and only phases I to IV were selected.
Study selection
Records were analysed individually, evaluated for relevance and duplicates were removed. The initial selection was made by one researcher (ED), deletions or classification were all confirmed by a second researcher (EJA). The characteristics of neonatal recruitment were selected and analysed for all trials that included term and preterm neonates. Only placebo RCT based on study analysis were selected. Therefore, trials were not included if they were not limited to neonates, were not randomised or did not have a placebo arm.
Data extraction
Data were extracted, using a standard extraction form validated previously [18] including study settings, year of beginning and estimated duration, location and number of participating centers, recruitment status (ongoing, completed and suspended), study design, number of participants and characteristics of the population (term, preterm), condition under study, trial phase, drug under testing and comparison treatments, main purpose of study (prevention or curative treatment), previous publication title, and indication of drug use.
The primary sponsor was classified as governmental (NIH, US federal and governments from non-US countries), industry, and non-profit organizations (including clinical research networks, research associations, hospitals, universities, foundations and others).
Drugs were coded according to the Anatomical Therapeutic and Chemical (ATC) classification [19] Data was extracted from information included in the database. Terms as placebo, prevention and treatment data were individually analyzed after the first extraction, based on ClinicalTrials.gov definition of terms. Placebo is defined as a substance that does not contain active ingredients and is made to be physically indistinguishable (that looks and tastes identical) from the actual drug being studied. Treatment purpose is defined as a protocol designed to evaluate one or more interventions for treating a disease, syndrome or condition. Prevention is defined as a protocol designed to assess one or more interventions aimed at preventing the development of a specific disease or health condition.
Statistical analysis
To facilitate the analysis a database was subsequently designed, and Statistical analysis was done using Excel program. Results are given in number, mean and standard deviation and percentage.
Results
General overview of neonatal placebo/drug trials
Among all (n = 206 629) drug trials registered in ClinicalTrials.gov since 1999, 423 were neonatal therapeutic trials, 146 were drug versus placebo trials involving neonates and represented 34.4% of all therapeutic trials on neonates (Fig 1) , 16 All trials were randomized, blinded (n = 144/146, 98%), double (n = 123, 84.2%) or triple arms (n = 23, 15.8%) and classified phases 1 and 1/2 to phase 4. The number of patients to be included was 299 ± 296 (mean ± SD, range: 7-14035 n = 142) but most trials planned to include less than 100 patients (n = 77, 52.7%). Among the 146 trials, 91 (62.3%) were completed, 21 (14.4%) were still recruiting, 34 (23.3%) were either not recruiting or with unknown status. " Table 1" Trials involving a placebo were conducted with two distinct neonatal strategies: a preventive strategy was evaluated in 57 trials (39.0%), and a therapeutic strategy with evaluation of a "new drug" or a "new indication" in 89 curative trials (61.0%), following different study designs (Table 2 ). In addition, a few studies were safety studies or modifications of dosages schedules (n = 17, 11.4%).
Neonatal groups and aims
Thirty-five (24.0%) of the trials included exclusively term newborns while 70 (47.9%) and 41 (28.1%) included premature newborns or both preterm and term newborns respectively. Altogether, preterm were present in 111 (76.0%) studies.
Diseases and conditions were different between preterm and term neonates (Fig 2) . Most trials focused on prevention or treatment of complications of prematurity: bronchopulmonary dysplasia (BPD), enterocolitis, viral and fungal infections, retinopathy or anemia of prematurity (Fig 3) .
Eighty-three different drugs were under evaluation. ATC classification of the drugs evaluated in these trials is presented in Fig 4. The primary aim of the trials was either treatment (n = 89, 61.0%) or disease prevention (n = 57, 39.0%). In both groups, design was predominantly placebo drug parallel assignment (n = 105, 72.0%) or add-on therapy (n = 36, 24.7%).
Both prevention and treatment trials were predominantly efficacy and safety trials with parallel assignment between two arms. A total of 36 (24.7%) trials were add-on studies in which all patients received the experimental drug or the placebo in addition to the currently used treatment. Examples include addition of CC10 or lucinactant to surfactant in respiratory distress syndrome, addition of Nitric Oxide to standard of care in respiratory failure, EMLA alone or in addition to glucose to reduce pain during venipuncture (Table 2) . Beside clinical efficacy, 3 placebo-drug trials evaluated a biological endpoint in clinically asymptomatic patients and in 4 studies: after the first phase of recommended duration, patients were randomized into two arms and in the first arm, drug treatment was continued while in the second arm, a placebo was administered ».
Three arm interventions had pharmacokinetics as a primary or secondary endpoint (n = 16, 11.0%) with a placebo arm and arms comparing different doses, or had two treatment arms (reference drug and drug under evaluation) and one placebo arm (n = 8, 5.5%).
Geographical repartition and sponsorship
Most placebo trials took place in North America (n = 78, 53.4%), mainly in the USA and were single center (n = 81, 55.5%).
The multicenter trials were predominantly national trials, conducted in a total of 359 centers. They were predominantly conducted in North America (centers: n = 203, 56.5%), Europe (n = 52, 14.5%) and Asia (n = 48, 13.4%). Only 24 (5.3%) of the multicenter trials were international, mainly in Europe (n = 10) and in the United States (n = 5). The number of neonatal placebo trial registrations was limited in the late 90's (from 0-3 per year worldwide) but increased in 2002 (1-2 trials per year) mostly in the USA and the first trials were registered after 2004 in Europe and Asia.
The number of trials involving industry or government as only source of funding were 33 (22.6%) and 22 (15.4%) respectively, but governments with or without non-profit organizations funded at least partially, the majority of the trials (n = 113, 77.4%), both single and multicenter. Sponsors were predominantly non-profit organizations (n = 81, 55.5%), and "multiple funding" were less frequent (n = 22, 15.1%) ( Analysis of the top drugs (or lecture of drugs)
The three top drugs were steroids (n = 13, 9.6%), erythropoietin (EPO) (n = 10, 6.8%) and nitric oxide (NO, n = 9, 6.2%).
We analyzed in more details the trials evaluating steroids and NO in prevention of BPD, as this indication is specific to the neonatal age group.
Five different steroid drugs were examined: hydrocortisone (n = 6), methylprednisone (n = 1), inhaled budesonide (n = 4), beclomethasone (n = 1), dexamethasone (n = 1). Some of these trials are completed, some are still recruiting or active but not recruiting. Their objectives were disease prevention or treatment of BPD, acute lung injury or transient tachypnea. Their primary objective was in all cases to compare the short-term effects of the drug versus placebo on respiratory function, cardiovascular or neurological effects. Key publications are available for 8 of the 10 completed trials. (Table 3 ). [20] [21] [22] [23] [24] [25] [26] [27] We also analyzed in details the trials evaluating iNO versus placebo (nitrogen gas or oxygen). All but one of these trials had a short-term primary outcome evaluating death and BPD at 36 weeks' post-menstrual age. The results were published in 5 cases, the other trials are completed or still recruiting (Table 4) . [28] [29] [30] [31] [32] [33] 
Discussion
The present study was undertaken to quantify and discuss the use of a placebo in RCTs conducted in neonates. We identified 146 studies registered in ClinicalTrials.gov from 1999 to 2015. Most of them were prevention trials or add-on studies, while evaluation of therapeutic interventions were less frequent. They mainly concerned preterm infants, evaluating management of complications of prematurity. The majority of the trials were conducted in the USA, were single centered and funded by non-profit organizations, mostly hospitals and universities.
A placebo is defined by its lack of specific pharmacological or physiological efficacy for a patient's condition. When administered during a RCT, accumulated evidence suggests that in the placebo arm, the observed effect is a genuine psychobiological event attributable to the overall therapeutic context. The overall response of the active treatment arm is the result of the treatment itself and the context in which it is given, quantified by the response to placebo, relying on complex neurobiologic mechanisms, influenced by psychosocial factors [34] [35] [36] [37] .
Our research focused on neonatal placebo versus drug trials, which represent one third of all neonatal trials and became more frequent after 2002, probably framed by the International Ethical Guidelines for Biomedical Research Involving Human Subjects, ensuring the regulation for the use of placebo [38] . Whatever the medical situation and patients' groups, the use of a placebo remains controversial and rises major ethical concerns both in clinical research and clinical practice [39] [40] [41] [42] . It may be an option only if respecting the principle of clinical equipoise and respect of patients' wellbeing. Therefore, it is important to carefully evaluate the balance between potential benefits and disadvantages of such design to discuss ethical issues [43] [44] [45] According to our data, neonatal randomized placebo-controlled trials are conducted in the two different contexts of disease prevention or treatment: a prevention trial only aims at health benefit without inducing any harm while a treatment trial aims at improving health care, while limiting harm. Here again, the conduct of neonatal placebo trials remains a matter of debate and controversies with arguments «for and against» [6, 46, 47] . A placebo can only be used when no standard treatment for that disease exists; in other cases, the new drug should be compared with the gold-standard [48] . On one hand, defenders of placebo advocate that both specificity of neonatal diseases and the absence of reference treatment, ie validated comparator, are strong arguments to use a placebo. This is for example the case for a trial evaluating the efficacy of erythropoietin for neuroprotection in very preterm infants In our research, the majority of trials were dealing with prematurity and specific related complications or concerned prevention or treatment of diseases occurring only in neonates. In such situations, the natural history and pathophysiology of diseases, developmental pharmacology data and identification and validation of relevant biomarkers are required [1, 49] and it is difficult to extrapolate both efficacy and safety from data obtained in older children or adults as drugs are frequently used off label [7, 50] . Consequently, uncertainty on neonatal efficacy and high risk of adverse events do exist when extrapolation to neonates is used, justifying specific drug evaluation compared to a placebo in the subgroup of pediatric patients [3] On the other hand, for obvious scientific and medical reasons, and even in the absence of a reference treatment, the use of a placebo cannot be envisaged in medical situations that might lead to a "loss of chance" for the patient. Indeed, many drugs enter the neonatal care arena because of proven efficacy in older pediatric patients or even adults, because clinicians perceive them to have a useful spectrum of activity compared to 'older' drugs or even in the absence of drug available in the therapeutic indication. In such cases, resorting to an offlabel drug is frequent in neonatal care, while administrating a placebo would be questionable. In addition, although a placebo effect was observed in different pediatric studies and quantified as even higher that in adults [49] [50] [51] [52] [53] [54] , the placebo effect in neonates is not a consensual reality [55, 56] .
The debate on the use of placebo in neonatal trials requires a deep analysis of all ethical issues to promote and protect newborn health, here again with arguments "for or against" [48, 57] For example, a placebo RCT that compares a drug administrated by intra-muscular injection should better be compared to a sham injection rather than an intra-muscular injection of placebo [58] . During our research, 15 placebo RCT targeted analgesics during painful procedures in neonates and 9 did not have any rescue therapy, although newborns do feel pain but even more, have a lower threshold of pain. In such situations, the use of a placebo should be questioned [59] . Indeed, placebo RCT for pain studies in infants might not be the best methodological approach to prove new pharmacological therapies. The "add-on" trial design where the drug under evaluation and the placebo are added to the "empiric therapy" has been used in many trials with pros and cons: among them, such design allows to maintain current therapy and define the effect of empiric therapy in the placebo arm but has additional safety risks We also analyzed in more details the studies evaluating corticosteroids used for prevention or treatment of specific neonatal diseases (BPD, cardiovascular or neurological diseases), as the recent guidelines state that there are insufficient evidence to recommend both early or late administration [60, 61] (S1 Table) . However, important and recent data were obtained against placebo for prophylactic low-dose hydrocortisone, showing that in extremely preterm infants, the rate of survival without BPD at 36 weeks' postmenstrual age was significantly increased, and for early inhaled budesonide showing a lower incidence of BPD at 36 weeks' postmenstrual age. Although beneficial effects of both early and late corticosteroids were already identified, such placebo/drug RCT were justified by the absence of reference arm, demonstrating significant benefits for both drugs [62, 63] . Benefits associated with early hydrocortisone may not overweight the risks of it use although long-term deleterious effects were mainly associated with dexamethasone and not hydrocortisone and potential undesired effects on neurodevelopment at preschool age should be evaluated in future long-term studies [64] The 14 trials evaluating iNO were analysed in two Cochrane reviews [65, 66] , and 12 were included in a recent meta-analysis, 5/14 and 6/12 respectively being iNO versus placebo RCTs trials [67] . Neonates presenting with risks factors of deleterious outcome (gestational age, oxygenation index, pulmonary hypertension. . .) were enrolled and followed up to 36 weeks of age. Guidelines on the use of iNO were issued by the Canadian Paediatric Society and the American Academy of Pediatrics [68] [69] [70] (S2 Table) . Within the recent NIH Consensus Development Conference Statement, future research directions recommend the use of a placebo control when designing future randomized trials to assess optimal iNO treatment (timing, dose and duration), long-term safety (not a primary outcome in the ongoing trials analyzed here) and predictive markers of outcome (biomarkers, neuroimaging) [71] .
Placebo trials in neonates are rare. A bias in data analysis might occur 1) if not all trials are reported, especially single site trials involving a relatively small number of infants, 2) if they are not all identified. Therefore, web-based registries are major tools to increase transparency in the conduct of clinical trials. We selected clinicaltrials.gov registry in our initial research [18] and in this complementary analysis, although it does not focus on pediatric trials. However, the registry the registry started more than 15 years ago, it is public and permits the registration of all clinical trials regardless the disease, age group, type of intervention or country, and therefore allows description of the current scope of pediatric and neonatal trials [72] The only pediatric database that we know of was DEC-net. (Drug Evaluation in Children-network), a web-based register of trials on drug therapy in children was supported by the European Commission in 2006: data collection was oriented to the paediatric population, with a clear definition of age groups. The first data analysis was made available in 2008, but the database closed at the end of the project [73, 74] . Other registries or platforms have limitations when it comes to pediatric trials: the International Clinical Trials WHO Registry Platform (ICTRP) [75] , the EU Clinical Trials Register [76] containing information on interventional clinical trials since 2004. However, to our knowledge, none of them has a focus on paediatric trials and the absence of identification of paediatric age groups does not to analyze the trials recruiting both neonates and other pediatric patients and to separate premature and term neonates.
In addition, the low number of industry-sponsored trials in neonates is of concern [77,78], although legislation was put in place in the USA and Europe to improve this situation [79] [80] [81] [82] [83] Following these major changes in the Regulatory framework of pediatric drug evaluation, the number of pediatric trials increased but the impact of the new regulation remains limited [84, 85] . Unfortunately, the significant economic benefits to the pharmaceutical industry are not matched by the benefits for pediatric patients. In addition, elaboration of an undifferentiated placebo may be technically difficult and very expensive.
Conclusion
In the clinical trial database setup by the National Institute of Health in the USA [81] placebo controlled RCT represent more than a third of neonatal trials. Although matter of large debates, a placebo is justified to evaluate efficacy of the potential new treatment when no reference drug is available Medical issues, scientific validity, methodological and ethical specificities are to be taken into account in this high risk patients [86] and all the available data should be analyzed to design and conduct such studies. 
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